Introduction
Endometrial cancer is the most common cancer of the female reproductive tract and is ranked as the fourth most common cancer in women (1) . Most risk factors for endometrial cancer are associated with reproductive characteristics that result in increased exposures to estrogen (2) . Estrogen is a potent mitogen in the uterus, and prolonged or increased exposure to estrogen by early menarche and late menopause, or by hormone replacement therapy, increases cancer risk. However, such risk factors do not adequately explain the increasing incidence of endometrial cancer among migrants to western countries. Such an increase may be attributed to the adaptation to a western diet (3) .
Little is known of the modulation of uterine carcinogenesis by micronutrients. Epidemiological evidence suggests, however, that vegetable-rich diets are associated with a lower risk for other estrogen-responsive neoplasias such as breast cancer (4, 5) . Dietary compounds such as indole-3-carbinol (I3C), an autolysis product of glucobrassicin found in vegetables of the Brassica genus including broccoli, Brussels sprouts, and others, have been implicated as chemopreventive agents (6) (7) (8) (9) (10) . Several studies have demonstrated that dietary exposure to I3C has a pronounced effect against tumor development in estrogenresponsive tissues (8) (9) (10) . For example, dietary administration of I3C to rodents prior to treatment with a carcinogen decreased the incidence of DMBA-induced mammary tumors by 70-90% (8) . Spontaneous mammary tumor development in rodents was also reduced by 50% following long-term dietary I3C administration (9) . Additionally, dietary I3C decreased the incidence of spontaneous endometrial tumors in rodents by 24% (10) .
The observed in vivo biological activity of I3C is most likely due to the effects of its acid-catalyzed selfcondensation products. Following ingestion, I3C is rapidly converted into several dimeric and oligomeric compounds due to its instability in gastric acid. Indolo [3,2-b] carbazole (ICZ), a cyclic trimer (CTr), and DIM are the most biologically active products examined so far (11) (12) (13) . ICZ binds to the aryl hydrocarbon receptor (AhR) with high affinity and exerts antiestrogenic effects including inhibition of estrogen-induced growth and estrogen-responsive reporter gene activity in MCF-7 human breast cancer cells (14-16). CTr binds strongly to ER and activates estrogen-responsive gene expression and proliferation of MCF-7 cells (13) . DIM has low affinity for the Ah and estrogen receptors and ligand independently activates the ER in a promoter and cell-specific manner (17, 18) . Although we determined that DIM exerts estrogenic effects under certain conditions in cultured cells, the chemoprotective effects of DIM in estrogen responsive tissues are well established (18, 19) . For example, oral administration of DIM inhibited the growth of DMBA-induced rat mammary tumors by Ͼ75% (19) . Whether such a protective effect involves the ligand independent activation of the ER is unclear.
With evidence that dietary I3C has a protective effect on uterine carcinogenesis, we investigated the effect of DIM on human endometrial cancer cells. We demonstrate that whereas DIM was a strong inhibitor of tumor cell growth in culture, this indole also exhibited potent estrogen agonist activities, most notably, in the induction of TGF-α gene expression. We demonstrate further that the DIM-mediated induction of TGF-α expression contributes to the cytostatic effects of DIM.
Materials and methods

Materials
Dulbecco's modified Eagle's medium (DMEM), Opti-MEM and lipofectamine were supplied by Gibco BRL (Grand Island, NY, USA). Phenol red-free DMEM, fetal bovine serum (FBS), calf serum, 17β-estradiol (E 2 ), tamoxifen and N- [2-(p-bromocinnamylamino) ethyl]-5-isoquinolinesulfonamide (H89) were supplied by Sigma Chemical (St Louis, MO, USA). ICI-182780 (ICI) was supplied by Tocris (Ballwin, MO, USA). DIM was prepared and purified from I3C as described (11, 12) . All other reagents used in these studies were of highest commercial grade available.
Cell culture
The Ishikawa human endometrial adenocarcinoma cell line was obtained from B.A. Lessey (Chapel Hill, NC, USA). Ishikawa cells were grown as adherent monolayers in DMEM supplemented with 10% FBS, 4.0 g/l glucose and 3.7 g/l sodium bicarbonate. Cells were maintained at 37°C in humidified air containing 5% CO 2 and passaged at 80% confluency. Cultures used in subsequent experiments were at Ͻ35 passages.
Cell proliferation
For the indicated experiments, cells were depleted of estrogen for 4 days prior to treatment in DMEM without phenol-red (Sigma Chemical) supplemented with 5% calf serum doubly stripped in dextran-coated charcoal (Gibco BRL), 4.0 g/l glucose, 3.7 g/l sodium bicarbonate, 10 ng/ml insulin and 2 mM glutamine (stripped medium). Medium was changed every other day during the depletion period. DIM, E 2 , tamoxifen, H89 and ICI were dissolved in DMSO (99.9% HPLC grade, Aldrich) at 1000-fold higher concentrations than the final medium concentration. For all experiments, treatments were administered for the indicated time by addition of 1 µl of the concentrated agent per 1 ml of medium. Control cells were treated with an equal volume of DMSO. Following the initial treatment, medium was renewed every other day. Cells were harvested by trypsinization and counted in a model Z1 Coulter particle counter.
Alkaline phosphatase activity AP activity was determined by the hydrolysis of p-nitrophenylphosphate to p-nitrophenol as described previously (20) . Briefly, cells were depleted of estrogen for 4 days and seeded in parallel 96-well plates in 200 µl of medium. Following overnight incubation, cells were treated with test compounds for 72 h. Following treatment, cells were washed with PBS and exposed to pnitrophenyl phosphate (Sigma). p-Nitrophenol production was monitored spectrophotometrically at 405 nM. Protein content was estimated by a methylene blue dye microculture assay as described previously (21) .
cDNA probe construction
The TGF-α cDNA clone (pINCY vector) was obtained from Genome Systems (St Louis, MO, USA). Plasmid DNA was isolated using the Wizard Plus Minipreps DNA Purification System (Promega, Madison, WI, USA). The cDNA insert was PCR amplified using primers previously designed in our laboratory (5Ј-GCTGGCGAAAGGGGATG-TGC-3Ј and 5Ј-GAAAGCT-GGTACGCCTGCAGGTACC-3Ј) and purified using the Wizard PCR Preps DNA Purification Kit (Promega). The β-actin cDNA clone (pBluescript vector) was obtained from ATCC (Rockville, MD, USA). Plasmid DNA was isolated as described, restriction digested by EcoRI (Gibco BRL) and subjected to electrophoresis on a 1% agarose gel. The cDNA insert was excised and purified using the QIAEX II Gel Extraction Kit obtained from Qiagen (Chatsworth, CA, USA). Purified cDNAs were biotin labeled using the NEBlot Phototope Kit obtained from New England Biolab (Beverly, MA, USA).
RNA isolation and northern blot analysis
Following the indicated treatments, total RNA was isolated from cells using Tri-Reagent (Molecular Research Center, Cincinnati, OH, USA) as described previously (18) . Subsequently, poly(A) ϩ RNA was isolated from total RNA using the mRNA Separator Kit (Clontech Laboratories, Palo Alto, CA, USA). Poly(A) ϩ RNA (10 µg) was subjected to electrophoresis on a 1.2% agarose gel containing 3% formaldehyde, transferred overnight to a Zeta nylon membrane (Bio-Rad, CA, USA) with 20ϫ SSC and UV cross-linked. The membrane was pre-hybridized for 4 h in hybridization buffer (0.4 M sodium phosphate pH 7.2, 7% SDS, 1% bovine serum albumin, 0.1 M EDTA) at 65°C, hybridized with cDNA probe in hybridization buffer overnight, and detected by autoradiography using the Phototope-STAR Kit obtained from New England Biolab. The membrane was stripped (0.1ϫ SSC, 0.5% SDS) at 95°C and rehybridized with the β-actin probe for normalization. Poly(A) ϩ RNA was scanned and quantitated using the NIH Image program.
RT-PCR
Following the indicated treatments, total RNA was isolated as described and reverse transcribed into cDNA using the Superscript Preamplification System (Gibco BRL). Briefly, 2 µg total RNA was reverse transcribed at 42°C for 50 min using random oligomers in a 50 µl reaction mixture. The resultant cDNA (2 µl) was subjected to 25 rounds of PCR (94°C for 45 s, 60°C for 45 s, 72°C for 2 min) using 18S primers obtained from Ambion (Austin, TX, USA) and TGF-α primers synthesized by Genosys (The Woodlands, TX, 1810 USA). The sequences of the TGF-α primers, adapted from Imai et al., were as follows: TGF-α-1, 5Ј-ATGGTCCCCTCGGCTGGACA; TGF-α-2, 5Ј-CTGCAGGTTCCA-TGGAAGCA (22) . Amplified products were visualized following electophoresis on a 1.8% agarose gel with ethidium bromide staining. Band intensities were scanned and quantitated using the NIH Image program, and the ratio between 18S and TGF-α was plotted.
Western blot analysis
Following the indicated treatment, cells were harvested in lysis buffer (10 mM Tris, 150 mM NaCl, 0.1% SDS, 1% deoxycholate, 1 mM EDTA, 1% Nonidet P-40) with protease inhibitors (10 µg/ml aprotinin, 10 µg/ml leupeptin, 5 µg/ml pepstatin, 50 µg/ml phenylmethylsulfonylfluoride). Total cellular protein (100 µg) was fractionated by electrophoresis on 10% polyacrylamide, 0.1% SDS resolving gels and electrically transferred overnight to nitrocellulose membranes (Millipore, Bedford, MA, USA ). Membranes were blocked with 5% non-fat dry milk in wash buffer (50 mM Tris pH 8.0, 150 mM NaCl, 0.05% Tween 20) for 4 h and incubated with ER-α antibody, sc-543 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or TGF-α antibody, Ab-1 (Oncogene Research Products, Uniondale, NY, USA), at 2 µg/ml wash buffer with 5% non-fat dry milk for 1.5 h. Membranes were subsequently washed and incubated for 1 h with alkaline phosphatase (AP)-conjugated secondary antibody, anti-mouse IgG, (New England Biolabs) diluted 1000-fold in wash buffer. Protein was detected by autoradiography using the Phototope-STAR Western Blot Detection Kit (New England Biolabs). Blotted membranes were stained with Coomassie blue to determine protein loading.
Enzyme-linked immunosorbent assays
Conditioned medium was collected from cell culture following the indicated treatment and concentrated 10-fold using a Centriprep YM-3 Centrifugal Filter Device (Millipore). Because the level of immunoreactive protein detected in complete medium was not significantly different from the level detected in stripped medium, complete medium was routinely used for the assay. Sandwich enzyme-linked immunosorbent assays (ELISA) for TGF-α were performed as described previously (23) . Briefly, 100 ng/well of mouse monoclonal TGF-α antibody, Ab-1, was coated overnight. Wells were blocked with bovine serum albumin and incubated with conditioned medium followed by goat TGF-α polyclonal antibody, C-18 (1:100 dilution, Santa Cruz Biotechnology), and finally anti-goat IgG AP conjugate (1:2000 dilution, Sigma). p-Nitrophenylphosphate was added to the wells, and the reaction was allowed to proceed for 2-8 h before spectrophotemetrically monitoring the absorbance at 405 nm. The concentration of TGF-α in conditioned medium was measured by comparison to a standard curve generated from human recombinant TGF-α (Oncogene Research Products).
Results
Regulation of cell growth
The effect of DIM on cell proliferation was examined in cultured Ishikawa human endometrial cancer cells. Cells were plated at 60% subconfluency and treated with a range of concentrations of DIM for 24 h, or with 10 µM DIM for up to 6 days. The combined results ( Figure 1 ) indicated that after 24 h of treatment, DIM suppressed growth significantly compared with the vehicle (DMSO)-treated controls at concentrations at or above 10 µM. Cell growth inhibitions of 20 and 40% were observed with 10 and 30 µM treatments, respectively. The results indicated further that 10 µM DIM inhibited proliferation by 55% after 4 days and by~60% after 6 days of treatment. Treatments with DIM at concentrations of 50 µM or greater induced apoptosis as determined by DNA staining and TUNEL assay (data not shown). A minimal effective concentration of 10 µM DIM was routinely used in subsequent experiments, as this dose did not affect cell viability.
The growth response of Ishikawa cells to estrogen (E 2 ) was also examined. Cells were depleted of E 2 , plated at subconfluency and treated with 10 nM E 2 for up to 20 days. No significant differences between the growth rates of E 2 and DMSO-treated controls were observed up to 8 days of treatment ( Figure 2 ). The results indicated, however, that following 8 days of treatment, or post-confluency, both the growth rate and maximum cell density reached were significantly lower in the absence of E 2 . The growth rate of cells in the absence or presence of E 2 subsided similarly after the maximum cell density was attained. These results suggest that the growthpromoting effects of E 2 are evident primarily in post-confluent Ishikawa cells as reported by others (24) .
Induction of gene expression
The effect of DIM on TGF-α gene expression was examined by northern blot analyses, and findings were confirmed and extended by quantitative RT-PCR analyses. Results of northern blot analysis indicated that DIM increased TGF-α transcript levels by 3.5-fold after 24 h, compared with the vehicle-treated control ( Figure 3A) . Quantitative RT-PCR measurements using 18S rRNA as an internal control indicated that DIM induced both concentration (1-50 µM) and time (2-48 h)-dependent increases in TGF-α transcript levels. A maximum induction of 6-fold was reached after 24 h at 50 µM relative to vehicletreated controls ( Figure 3B ). DIM (10 µM) increased TGF-α 1811 transcripts by almost 2-fold after 2 h, and a maximum induction of nearly 4-fold was reached after 16 h of treatment ( Figure 3C ).
As a control for E 2 agonist effects of DIM in Ishikawa cells, we examined the effect of DIM on the activity of the estrogenresponsive marker enzyme, AP. We observed that following 72 h treatments, 10 µM DIM-induced AP enzyme activities by almost 4-fold relative to controls (Figure 4) , a level that was~50% of the maximal stimulation obtained by 10 nM E 2 . DIM did not increase the maximum activity induced by E 2 .
DIM-induced expression of TGF-α is mediated by the ER
To assess whether DIM induction of TGF-α expression requires interaction with the ER, cells were co-treated with DIM, E 2 , the anti-estrogen, ICI or the inhibitor of PKA-mediated activation of the ER, H89. The combined results of these experiments ( Figure 5 ) indicated that co-treatment of cells with DIM (10 µM) and E 2 (10 nM) induced TGF-α expression to an even greater extent than did either compound alone. ICI and H89 inhibited the stimulatory effects of both E 2 (data not shown) and DIM on TGF-α expression. Co-treatment with cycloheximide also reduced TGF-α transcript levels to control levels. As a control, we examined the effects of ICI and H89 on E 2 and DIM stimulation of AP. The combined results indicated that these treatments also blocked the inducing effects of both E 2 (data not shown) and DIM on AP activity ( Figure  6 ). In addition, ER expression in Ishikawa cells was verified by western analysis (data not shown). Taken together these results indicate that induction of TGF-α gene expression is an indirect ER agonist effect of DIM that requires protein synthesis and PKA activation.
Regulation of TGF-α protein level
We determined next whether DIM stimulation of TGF-α gene expression was accompanied by a corresponding increase in TGF-α protein levels. Following treatments with DIM, total cellular and secreted protein fractions were isolated and examined by western analysis and ELISA respectively. Treatment with up to 50 µM DIM for 24 h had no effect on cellular TGF-α protein levels relative to DMSO-treated controls ( Figure  7A ). Analyses of concentrated conditioned media using a sandwich ELISA assay, however, indicated that DIM induced the secretion of TGF-α by~5-fold at 10 µM and as much as 13-fold at 50 µM compared with untreated controls. The results of kinetics studies indicated that levels of secreted TGF-α were maximized by 36 h and then decreased to basal levels by 48 h of DIM treatment ( Figure 7B ), suggesting that excess TGF-α was either degraded or taken up by the cells. Due to cell-to-cell variability, the ELISA results were difficult to obtain as reflected by large standard deviations. However, these results showing similar, strong DIM-induced increases in TGF-α protein secretion and gene expression suggest that protein secretion is regulated at the level of gene expression.
Effect of exogenous TGF-α on cell proliferation
To determine whether an increase in TGF-α expression could mediate the cytostatic effects of DIM in Ishikawa cells, we examined the effect of ectopic addition of TGF-α on cell growth. Cells were cultured at subconfluency and treated with TGF-α in the presence or absence of DIM. The results showed that addition of 1.8 nM TGF-α significantly reduced cell growth by 35 and 25% following 4 and 6 days of treatment, respectively (Figure 8) . Treatment of cells with a 10-fold greater concentration of TGF-α (18 nM) gave similar results, whereas a 10-fold lower concentration (180 pM) had no effect on cell number (data not shown). The inhibitory effect of TGF-α after 6 days of treatment was~50% that of 10 µM DIM. Co-treatment of cells with DIM and TGF-α did not significantly increase growth inhibition compared with DIM alone.
As a functional test of the role of TGF-α expression in the cytostatic effects of DIM, we conducted growth experiments using a TGF-α neutralizing antibody. Subconfluent cultures were treated with various concentrations of antibody and DIM for 72 h. The results showed that lower concentrations of antibody (0.02, 0.05 µg/ml) markedly stimulated cell growth by as much as 2-fold, whereas the higher concentrations (0.1, 0.2 µg/ml) had lesser effects (Figure 9 ). Antibody concentrations Ͼ1.0 µg/ml inhibited growth (data not shown). Co-treatments with a range of antibody concentrations partially reversed the effects of DIM from 80% inhibition in the 0.02 µg/ml groups to~60% in the 0.2 groups. Taken together, the The RNA was electrophoretically fractionated, and a northern blot was probed for TGF-α transcript as described under 'experimental procedures'. The northern blot was reprobed for β-actin as a loading control. The band intensities of TGF-α and β-actin transcripts were quantitated as described under Materials and methods. TGF-α mRNA level was normalized to β-actin mRNA level by dividing the band intensity of TGF-α by β-actin. The reported values are expressed as fold induction relative to the DMSO control and represent the mean Ϯ SD of three independent experiments. Total RNA was isolated from Ishikawa cells treated with vehicle control (DMSO) or the indicated concentrations of DIM for 24 h (B), or 10 µM DIM for the indicated times (C). Total RNA was reverse transcribed and PCR-amplified with TGF-α primers and 18S primers as an internal control as described under Materials and methods. The PCR products were resolved and visualized on 1.8% agarose gels with ethidium bromide. X174/HaeIII DNA marker bands are shown in the first lane. The band intensities corresponding to TGF-α and 18S were quantified as described under Materials and methods. TGF-α expression level was normalized to 18S by dividing the band intensity of TGF-α by 18S. The reported values are expressed as fold induction relative to DMSO-treated controls and represent the mean Ϯ SD of three independent experiments. Asterisks indicate a significant difference from DMSO control (P Ͻ 0.05), and double asterisks indicate a significant difference from 10 µM DIM at 24 h using the Student t-test for data analysis.
Fig. 4. Effects of DIM on AP activity in Ishikawa cells. Estrogen depleted
Ishikawa cells were plated at 20 000 cells/well in parallel 96 well flatbottom microtiter plates. Cells were treated with E 2 in the presence or absence of 10 µM DIM. Enzyme activity and protein content were determined after 72 h as described under Materials and methods. Enzyme activity was normalized to protein content by dividing the absorbance of AP by that of methylene blue. The reported values are expressed as fold induction relative to DMSO-treated controls and represent the mean Ϯ SD of quadruplicate samples. Asterisks indicate a significant difference from DMSO control, and double asterisks indicate a significant difference from both DMSO control and DIM alone (P Ͻ 0.05) using the Student t-test for data analysis. 5 . Effects of DIM, E 2 , ICI, cycloheximide and H89 on expression of TGF-α transcript in Ishikawa Cells. Total RNA was isolated from Ishikawa cells treated with vehicle control (DMSO) or 10 µM DIM in the presence or absence of 10 nM E 2 , 0.1 µM ICI, 50 µM cycloheximide (CHX) or 10 µM H89 for 24 h. Total RNA was reverse transcribed and PCR-amplified with TGF-α primers and 18S primers as an internal control as described under Materials and methods. The PCR products were resolved and visualized on 1.8% agarose gels with ethidium bromide. X174/HaeIII DNA marker bands are shown in the first lane. The band intensities corresponding to TGF-α and 18S were quantified as described under Materials and methods. TGF-α expression level was normalized to 18S by dividing the band intensity of TGF-α by 18S. The reported values are expressed as fold induction relative to DMSO-treated controls and represent the mean Ϯ SD of three independent experiments. Asterisks indicate a significant difference from DMSO control (P Ͻ 0.05), and double asterisks indicate a significant difference from DIM alone using the Student t-test for data analysis.
1813 results of these experiments show that the effects of DIM are most pronounced when background TGF-α activity is reduced and that inactivation of released TGF-α partially reverses the cytostatic effects of DIM.
Discussion
Our results demonstrate that DIM has a strong anti-proliferative effect on Ishikawa human endometrial cancer cells. DIM, at a concentration of 10 µM, inhibited cell growth and concurrently activated the expression of two estrogen-responsive genes, AP and TGF-α. That the activation of expression of these proteins was mediated by the ER was indicated by our observations that the inducing effects of DIM could be blocked by cotreatments with an ER antagonist and with an inhibitor of PKA-mediated ER phosphorylation. In addition, the induction of TGF-α by DIM was completely inhibited by the addition of cycloheximide, suggesting that protein synthesis is required for increased TGF-α gene expression. Our results showed that the ectopic addition of TGF-α inhibited Ishikawa cell proliferation. Furthermore, the addition of a TGF-α neutralizing antibody stimulated growth of otherwise untreated cells and partially reversed the inhibitory effect of DIM. Thus, in the presence of neutralizing antibody, the anti-proliferative effect of DIM was increased to a nearly 80% growth inhibition when compared with controls. Altogether, our results indicate that DIM exhibits both strong ER agonist and cytostatic activities in Ishikawa cells, and that the anti-proliferative effects of DIM are partially mediated by the ER dependent activation of TGF-α transcription.
We have reported previously the anti-proliferative and ER agonistic effects of DIM in MCF-7 human breast cancer . Conditioned media was collected and concentrated to determine levels of secreted TGF-α by a sandwich ELISA method as described under Materials and methods. Detected levels of secreted TGF-α were normalized against cell number. The reported values are expressed as fold induction relative to controls and are representative of three independent experiments. Data represent the mean Ϯ SD of quadruplicate samples. Asterisks indicate a significant difference from DMSO control (P Ͻ 0.05) using the Student t-test for data analysis. Levels of cellular TGF-α protein were determined by western blot analysis as described under Materials and methods. Equal sample loading was confirmed by Coomassie blue staining of the western blot membrane. The band intensities of TGF-α protein were quantitated as described under Materials and methods. The reported values are expressed as fold induction relative to the DMSO control and are representative of three independent experiments. cells (18) . In the presence of E 2 , 10 µM DIM reduced the proliferation of MCF-7 cells by 40% after 7 days, while in the absence of E 2 , DIM stimulated cell growth. We also reported the agonist activity of DIM on the transcriptional activation of estrogen-responsive endogenous and transfected reporter genes in MCF-7 cells. We found, further, that DIM promoted the binding of the ER to its consensus DNAresponsive sequence, and that this ER activation was independent of DIM binding to the ER. In Ishikawa cells, 10 µM DIM in complete medium reduced cell proliferation by 60% after only 6 days and had no stimulatory effect in the absence of E 2 . These observations indicate that the growth inhibitory effects of DIM are more pronounced in the endometrial cancer cells and demonstrate that the proliferative effects of DIM are cell-specific. The estrogenic effects of DIM, however, are analogous in both cell types. Several studies have demonstrated that ligand-independent ER activation may be mediated by activators of PKA (25, 26) . Stimulation of the PKA signaling pathway has been found to induce ER-mediated transcriptional activation in cell type and reporter-specific manners (25) . Furthermore, stimulation of the PKA signaling pathway is accompanied by increased phosphorylation of the ER, which presumably produces a conformational change in the ER that facilitates interaction with transcriptional machinery (25, 26) . We have previously demonstrated that ER activation by DIM required PKA activity in the MCF-7 cells (18) . Similarly, we demonstrate in the Ishikawa cells that PKA activity is necessary for the estrogenic effect of DIM. Such observations suggest that DIM may activate the ER by enhancing ER phosphorylation by a mechanism that requires protein synthesis.
That anti-proliferative effects of DIM in endometrial tumor cells are mediated through the TGF-α signal transduction pathway is consistent with the well established effects of growth factors in the normal physiology of the endometrium. The human endometrium expresses TGF-α, epidermal growth factor (EGF) and their receptor, the epidermal growth factor receptor (EGFR), in a menstrual cycle-dependent manner, consistent with the notion that endometrial proliferation may be mediated by such growth factors (22, 27) . The levels of TGF-α and EGF in the endometrium are significantly higher during the late follicular and luteal stages than during the early follicular stage (22, 27) . E 2 levels are elevated during the late stages, as well, compared with the early follicular stage (27) . The menstrual cycle-dependent expression of EGF and TGF-α is consistent with the hypothesis that steroid hormones regulate the growth of endometrial cells by stimulation of expression of these peptide growth factors (28, 29) .
These EGFR ligands are also well known autocrine/paracrine modulators of abnormal cell growth (30, 31) . Increases in expression of TGF-α and the EGFR are often characteristic of epithelial neoplasia including breast, lung and bladder cancers (32) . Results of studies with transgenic animals have also demonstrated the growth-enhancing role of TGF-α in hepatocellular carcinomas, pancreatic metaplasia, mucosal hyperplasia of the colon and mammary neoplasia (31, 33) . Similarly, the growth-enhancing effect of EGF has been demonstrated in several cancer cell lines including breast and endometrial cancer cells (34, 35) . In contrast, and in accord with our observations with Ishikawa cells, exogenous TGF-α significantly inhibited the growth of cultured RL95-2 human endometrial carcinoma cells and MDA-MB-468 human breast cancer cells by 90% or greater (23, 36) . Furthermore, the inhibitory effect on MDA-MB-468 cells was reversed by an EGFR antibody (23) . Similarly, treatment with TGF-α antibody has been reported to increase proliferation of cultured thyroid tumor cells, presumably by inactivating TGF-α in serum (37) . The 2-fold increase in growth that we observed on treatment of Ishikawa cells with low concentrations of TGF-α antibody presumably had the same cause. Previous studies have also demonstrated the inhibitory effect of EGF on the growth of thyroid, breast, endometrial and vulvar cancer cell lines (37) (38) (39) (40) . Taken together, these observations indicate that EGFR ligands exhibit divergent, cell-specific effects on cancer cell growth.
The mechanisms by which TGF-α exerts growth inhibitory effects are unknown. It has been suggested that the inhibitory effects are mediated by low affinity receptors, which are activated only when the ratio of TGF-α to EGFR is high (36) . This hypothesis was proposed based on the observation of cell growth inhibition with only high concentrations of TGF-α. We observed a similar cytostatic effect with high concentrations of TGF-α in the Ishikawa cells. TGF-α at nanomolar concentrations inhibited cell growth by up to 35%, while picomolar concentrations had no effect. Alternatively, long-term activation of the EGFR has been reported to lead to receptor internalization and down regulation, and thus, abrogation of normal growth stimulatory signals via the EGFR (37). Our results indicate that EGFR gene expression levels are similar to basal levels after DIM treatment of up to 6 days, suggesting that DIM does not promote down regulation of EGFR expression (data not shown).
Other possible growth inhibitory mechanisms of TGF-α may involve activation of the mitogen activated protein kinase (MAPK) and c-Jun NH 2 terminal kinase (JNK) pathways via the EGFR (41, 42) . Activation of the MAPK pathway following the binding of TGF-α to the EGFR may result in either increased cell proliferation or differentiation. Hence, high concentrations of TGF-α may indirectly mediate inhibitory effects by activating differentiation factors. Alternatively, TGF-α may exert inhibitory effects via activation of the JNK pathway, which plays a role in the initiation of apoptosis by cytokines such as tumor necrosis factor (43). Whether the inhibitory effects of TGF-α involve activation of the MAPK pathway and/or activation of the JNK pathway will be a focus of our future studies.
The growth inhibitory effect of TGF-α is important to consider given the identification of the EGFR and its associated growth factors as targets for cancer therapy (32, 44) . Destruction of the EGFR with immunotoxin-linked monoclonal antibodies, targeting of EGFR ligands with radioisotopes, and blockage of downstream signal transduction pathways by inhibitors of phosphorylation are examples of current strategies being developed as potential therapeutic measures. Given the inhibitory potential of EGFR ligands observed in the Ishikawa and other cell lines, EGFR-targeted therapies are likely to be highly tissue specific.
There is considerable precedent in the literature for an influence of estrogen and certain xenobiotics on TGF-α expression. For example, administration of E 2 increased the transcription of TGF-α in the rodent uterus and human breast cancer cells (28, 29) . A previous study has also demonstrated the activation of TGF-α expression and secretion in breast cancer cells by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), presumably by activation of the Ah receptor pathway (23) . In contrast, AhR agonists have been found to exhibit antiestrogenic activity in both breast cancer cells and Ishikawa cells (45) . Our results demonstrate that the effect of DIM on TGF-α expression in Ishikawa cells is comparable to the effect of E 2 . We also found in these studies, however, that the AhR ligand, ICZ, had no effect on TGF-α expression in Ishikawa cells, indicating that a DIM-mediated activation of the AhR pathway would not lead to an increase in TGF-α expression. Whether AhR agonists would antagonize a DIM or E 2 -mediated induction of TGF-α expression requires further investigation.
The TGF-α inducing and anti-proliferative effects of DIM in the Ishikawa cells were observed at physiologically relevant concentrations. A heavy eater of Brassica vegetables, for example, may consume 200 g of Brussels sprouts daily, which would provide~12 mg of DIM. Assuming maximum absorption of DIM, the blood concentration of DIM will reach nearly 10 µM in a man of average weight. Thus, dietary Brassica vegetables can provide in vivo concentrations of DIM found to be effective in vitro in the present study.
Our results demonstrate that DIM, in doses that may be obtained from the diet, shows promise as a therapeutic agent for cancers of the female reproductive organs. A comparison between the effects of DIM on breast and endometrial cancer is important to consider given the association of increased risk for endometrial cancer in women receiving tamoxifen therapy for breast cancer. In a recent case-control study conducted by the National Cancer Institute, women using tamoxifen for Ͼ5 years for the treatment of breast cancer had a Ͼ4-fold risk for endometrial cancer compared with non-users (46) . Despite the fact that the benefits of tamoxifen are considered to far outweigh the associated risks, a therapeutic agent effective against both breast and endometrial cancer is desired. DIM, or related substances, may provide this advantage.
Taken together, our results indicate that DIM is a strong anti-proliferative agent in human endometrial cancer cells, and that this growth inhibitory effect is partially mediated by the induction of TGF-α expression and secretion. Whereas the effect of DIM on TGF-α gene expression is indirect (i.e. requires protein synthesis) and involves the activation of the ER, the regulation of TGF-α secretion by DIM is less clear. DIM may induce the expression or activation of proteases involved in the cellular release of TGF-α. Alternatively, induced TGF-α secretion may simply be a consequence of increased TGF-α gene expression. In addition, the mechanisms by which TGF-α exerts its anti-proliferative effects remain unclear, but are likely to involve signaling pathways that induce differentiation and/or apoptosis. We are examining further the signaling pathways involved in DIM-mediated activation of the ER and associated cytostatic activity in endometrial tumor cells.
